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Role of Sphingomyelin in Alphaherpesvirus Entry
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ABSTRACT Bovine herpesvirus 1 (BoHV-1) is an alphaherpesvirus that causes dis-
ease in cattle populations worldwide. Sphingomyelin (SM) is the most abundant
sphingolipid in the mammalian cell membrane, where it preferentially associates
with cholesterol to form lipid raft domains. SM is a substrate for the lysosome-
resident enzyme acid sphingomyelinase, which plays a role in cell membrane repair
following injury. Treatment of cells with noncytotoxic concentrations of Staphylococ-
cus aureus-derived sphingomyelinase successfully reduced cell surface-exposed sph-
ingomyelin but did not significantly inhibit BoHV-1 entry and infection, as measured
by the beta-galactosidase reporter assay. Interestingly, entry of the porcine alphaher-
pesvirus pseudorabies virus (PRV) was inhibited by sphingomyelin-depletion of cells.
Treatment of BoHV-1 particles with sphingomyelinase inhibited viral entry activity,
suggesting that viral SM plays a role in BoHV-1 entry, while cellular SM does not.
Treatment of cells with noncytotoxic concentrations of the functional inhibitors of
host acid sphingomyelinase, imipramine and amitriptyline, which induce degradation
of the cellular enzyme, did not significantly inhibit BoHV-1 entry. In contrast, inhibi-
tion of cellular acid sphingomyelinase inhibited PRV entry. Entry of the human al-
phaherpesvirus herpes simplex virus 1 (HSV-1) was independent of both host SM
and acid sphingomyelinase, in a manner similar to BoHV-1. Together, the results
suggest that among the alphaherpesviruses, there is variability in entry requirements
for cellular sphingomyelin and acid sphingomyelinase activity.

IMPORTANCE Bovine herpesvirus 1 (BoHV-1) is an ubiquitous pathogen affecting
cattle populations worldwide. Infection can result in complicated, polymicrobial in-
fections due to the immunosuppressive properties of the virus. Available vaccines
limit disease severity and spread but do not prevent infection. The financial and ani-
mal welfare ramifications of BoHV-1 are significant. In order to develop more effec-
tive prevention and treatment regimens, a more complete understanding of the ini-
tial steps in viral infection is necessary. We recently identified a low pH endocytosis
pathway for BoHV-1. Here, we examine the role of cellular factors responsible for
membrane integrity and repair in alphaherpesviral entry. This study allows compari-
sons of the BoHV-1 entry pathway with those of other alphaherpesviruses (pseudo-
rabies virus [PRV] and herpes simplex virus 1 [HSV-1]). Lastly, this is the first report
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disorder known as bovine respiratory disease complex or “shipping fever,” which results
in over 500 million dollars a year in losses to the United States beef industry (8, 9).
BoHV-1 entry and infection is initiated by virus interaction with cellular membranes
mediated by viral glycoproteins gB, gC, and gD (6, 10, 11). While BoHV-1 gC is not
required for replication, gC mediates attachment by binding to cell surface heparan
sulfate proteoglycans (12, 13). BoHV-1 gB and gD are essential receptor-binding
proteins involved in membrane fusion and cell penetration (6, 14-18). BoHV-1 gD
interacts with cellular receptors nectin-1 and poliovirus receptor (Pvr) (19-21). Recently,
host cell endocytosis and endosomal low pH were demonstrated to be critical for
BoHV-1 entry (22). BoHV-1 gB or a gH/gL complex may also interact with cellular
membrane proteins, including the putative alphaherpesvirus gB-receptor PILR«
(23-28).

As obligatory intracellular organisms, viruses are fully dependent on the host cell. In
order to replicate, a virus must transfer its genome from the cell exterior to the interior,
and to propagate, the virus must transmit its genome from infected to uninfected cells
(29). In order to successfully perform these functions, viruses exploit normal cellular
pathways. In eukaryotic cells, endocytosis is a continuous process in which vesicles
made of plasma membrane components are internalized, playing a critical role in a
number of homeostatic functions (30). To gain access to the cell interior, viruses can
hijack endocytosis pathways for movement across host cell membranes (31-33). Al-
phaherpesviruses, including bovine herpesvirus 1, pseudorabies virus, and herpes
simplex virus 1 utilize endocytosis for successful entry (22, 34-36). Many additional
cellular determinants of virus entry remain undefined and may offer considerable
potential for the development of novel therapeutics.

Lipid rafts are sphingolipid- and cholesterol-enriched microdomains that were first
identified by their resistance to solubilization by detergents (37, 38). Lipid rafts are
involved in lipid and protein sorting and endocytic trafficking in both epithelial cells
and neurons and play a role in signal transduction in a variety of cell types (37, 38).
Maintenance of membrane integrity is paramount for cell survival and requires the
constitutive function of a multitude of pathways (39). Critical in this maintenance is the
dynamic interplay between endocytic and exocytic pathways (40). Following mem-
brane injury, cells deliver vesicles to the plasma membrane by exocytosis, followed by
rapid endocytosis of membrane lesions, leading to membrane resealing (40-43). Exo-
cytosis delivers a lysosomal enzyme, acid sphingomyelinase (ASMase), to the outer
membrane leaflet, where it cleaves membrane sphingomyelin (SM) to phosphorylcho-
line and ceramide (44). SM is a phospholipid and is the most abundant sphingolipid
component of the mammalian plasma membrane, where it preferentially associates
with cholesterol to form lipid rafts (38, 45, 46). Ceramide is a potent signaling molecule
that can self-associate, joining lipid rafts into larger macrodomains that promote signal
transmission across membranes as well as protein concentration and receptor cluster-
ing within membranes (47, 48).

While the specific role of lipid rafts in alphaherpesvirus entry is not known, pseu-
dorabies virus (PRV) localizes in juxtaposition with GM1, a lipid raft marker (49), and
herpes simplex virus 1 (HSV-1) gB associates with lipid rafts during virus entry (50).
Additionally, cholesterol is important for entry of alphaherpesviruses (49-53). BoHV-1
requires cell membrane cholesterol for entry into Madin-Darby bovine kidney (MDBK)
cells and viral envelope cholesterol for infectivity (54). PRV requires cell plasma mem-
brane cholesterol to enter swine kidney (SK) cells and viral envelope cholesterol for
infectivity in SK cells (49, 55). HSV-1 requires cell membrane cholesterol for efficient
infection of cells and viral envelope cholesterol for entry (50, 56, 57). Host cell choles-
terol is specifically needed for the membrane fusion step of HSV-1 entry (56). Sphin-
gomyelin and acid sphingomyelinase can influence cell entry of a number of viruses.
Adenovirus both induces and hijacks the cellular processes that remove membrane
wounds, and inhibition of ASMase slows endocytosis of adenovirus and reduces
adenoviral infection (58). Ebola virus requires the host cell plasma membrane sphin-
gomyelin and acid sphingomyelinase activity for successful infection (59). Exposure of
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FIG 1 Effect of sphingomyelin depletion on BoHV-1 and PRV entry into cells. MDBK or PK15 cells were
treated with SMase at the indicated concentrations and incubated at 37°C for 45 min. Cells were washed
with PBS. BoHV-1 or PRV lacZ-positive strains were added, and at 45 min p.i. noninternalized virus was
inactivated with medium buffered to pH 4.7. Infection proceeded for a total of 6.5 h in the presence of
normal culture medium. The beta-galactosidase expression is calculated as a percentage of the activity
in mock-treated cells. Values shown are the means of three independent experiments with standard
errors. The P values were determined using Student’s t test. (*, P < 0.05). Cytotoxicity is shown as percent
LDH activity. LDH activity was <2% for all tested concentrations of SMase on both MDBK and PK15 cells.

ceramide by ASMase hydrolysis of sphingomyelin has been demonstrated to mediate
endosomal escape by calicivirus, leading to successful infection (60). West Nile virus
infection is enhanced by sphingomyelin accumulation and is decreased by depletion of
sphingomyelin (61). Hepatitis C virus requires viral envelope sphingomyelin and cho-
lesterol for successful infection (62). Finally, influenza virus requires a functional sph-
ingomyelin synthesis pathway for the generation of infectious particles (63). The roles
of sphingomyelin and acid sphingomyelinase in herpesviral entry remain undefined.

RESULTS AND DISCUSSION

BoHV-1 entry into MDBK cells is not dramatically altered by hydrolysis of cell
membrane sphingomyelin. To determine whether alteration of host cell sphingomy-

elin inhibits BoHV-1 infection, we employed Staphylococcus aureus-derived sphingo-
myelinase (SMase). When added to cells at neutral pH, SMase hydrolyzes surface-
exposed sphingomyelin, leaving ceramide behind in the membrane (44). Hydrolysis of
cellular SM inhibits the entry of viruses that require SM (59, 64). MDBK cells were treated
with increasing concentrations of SMase for 45 min at 37°C. SMase was removed, and
BoHV-1 v4a (lacZ-positive) was added to cells. Beta-galactosidase activity at 6.5 h
postinfection was an indicator of viral entry. Treatment of MDBK cells with SMase did
not result in robust inhibition of BoHV-1 entry (Fig. 1). The highest concentration tested
(10 U/ml), inhibited BoHV-1-induced reporter expression by only 15%. In contrast, treat-
ment of PK15 cells with SMase inhibited PRV BeBlue (lacZ-positive) entry by as much as 54%
(>2-fold) at the highest concentration tested (Fig. 1). Inhibition of PRV entry by treating
cells with 5 to 10 U/ml SMase was statistically significant. The modest inhibition may be due
to the incomplete removal of sphingomyelin from cells. More complete depletion would
likely result in cytotoxicity. These results suggest that BoHV-1 does not rely on cellular
sphingomyelin for efficient entry, whereas PRV entry is partly sphingomyelin dependent.

To confirm that SMase treatment reduces plasma membrane sphingomyelin, MDBK
cells grown in confluent monolayers on coverslips were treated with SMase for 45 min,
and then fixed with 6% paraformaldehyde. The sphingomyelin-binding protein lysenin
was added to cells and detected by immunofluorescence microscopy. Lysenin binds
specifically to sphingomyelin and has no cross-reactivity with other membrane phos-
pholipids, including ceramide (65). Treatment of MDBK cells with 10 U/ml SMase
reduced sphingomyelin staining intensity by 35% (Fig. 2). These results support the
conclusion that BoHV-1 does not require cell membrane SM for entry.
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FIG 2 SMase treatment of MDBK cells reduces sphingomyelin levels. Confluent MDBK monolayers were treated
with DMEM (A) or 10 U/ml S. aureus SMase (B) for 45 min at 37°C. Cells were fixed with 6% paraformaldehyde and
incubated with 0.5 uM lysenin for 2 h. Rabbit polyclonal antibody to lysenin was added and then detected with
Alexa Fluor 594-conjugated goat anti-rabbit antibody (red). Nuclei were counterstained with DAPI. Cells were
visualized by fluorescence microscopy. Magnification, X40. Image) software was used to measure the mean
fluorescence intensity from five equal areas per sample, each containing ~150 to 250 cells. Results are represen-
tative of two independent experiments. The P value was determined using Student’s t test. (*, P < 0.0005).

Treatment of viral particles with SMase inhibits BoHV-1 entry activity. Deple-
tion of BoHV-1 viral envelope cholesterol by methyl-beta-cyclodextrin significantly
reduces virus infectivity (54). We next investigated the importance of SM in the BoHV-1
viral envelope for virus entry and infectivity. Increasing concentrations of S. aureus-
derived SMase were added to BoHV-1 v4a for 45 min at 37°C. Reactions were diluted in
culture medium to achieve a final enzyme concentration of 0.1 U/ml or less, which,
when added to cells, did not inhibit BoHV-1 entry (Fig. 1). Treated BoHV-1 was added
to MDBK cells. Beta-galactosidase activity at 6.5-h postinfection was an indicator of viral
entry. The highest concentration of SMase tested inhibited approximately 70% of
BoHV-1 entry activity (Fig. 3). The importance of viral envelope sphingomyelin to HSV-1
and PRV entry is of interest and remains to be determined. These results suggest that
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FIG 3 BoHV-1 entry activity is dependent on viral envelope sphingomyelin. Concentrated BoHV-1 virions
were incubated at the indicated concentrations for 45 min at 37°C. Virus was diluted to a final
concentration of 0.1 U/ml or less. Cells were infected with treated virus at an MOI of 2 for 6.5 h. The
beta-galactosidase expression was calculated as a percentage of activity of untreated virus. Values are
the means of three independent experiments with standard errors. The P value was determined using
Student’s t test. (*, P < 0.0005).
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FIG 4 Effect of cellular acid sphingomyelinase inactivation by FIASMAs on BoHV-1 infection. Cells were treated with imipramine (A) or
amitriptyline (B) at the indicated concentrations for 1 h at 37°C. MDBK or PK15 cells were infected with BoHV-1 or PRV, respectively, in the
continued presence of drug. At 6.5 h p.i., the beta-galactosidase expression was calculated as a percentage of activity in untreated, infected cells.
Cytotoxicity is shown as percent LDH activity. Values are the means of two or three independent experiments with standard errors. The P value
represents PRV on MDBK cells and was determined using Student’s t test. (¥, P < 0.009).

viral envelope SM plays a critical role in BoHV-1 infectivity. Further investigation is
required to determine the precise step at which sphingomyelin acts or whether it is
required for viral envelope stability.

Functional inhibitors of lysosomal acid sphingomyelinase do not inhibit BoHV-1
entry but do inhibit PRV entry. Imipramine and amitriptyline belong to a large group
of organic, amphiphilic bases known as functional inhibitors of acid sphingomyelinase
(FIASMASs) (66). These drugs accumulate within lysosomes and are believed to displace
cellular acid sphingomyelinase from the inner lysosomal membrane leaflet. Following
detachment, inactivation within the lysosome may result from proteolytic degradation
(67). Inactivation of host cell acid sphingomyelinase reduces infection by a number of
viruses, including adenovirus, Ebola virus, certain rhinoviruses, and measles virus.
FIASMAs also block endosomal escape by feline calicivirus, porcine enteric calicivirus,
and murine norovirus (58-60, 68). To determine whether cellular acid sphingomyeli-
nase is required for alphaherpesviral entry and infection, cells were treated with
increasing concentrations of either imipramine or amitriptyline for 1 h, followed by
infection with lacZ-positive BoHV-1 or PRV in the continued presence of drug. A total
of 75 uM imipramine or amitriptyline failed to inhibit >50% of BoHV-1-induced
beta-galactosidase activity on MDBK cells (Fig. 4A and B). In contrast, the FIASMAs
inhibited 56% to 62% of PRV entry into MDBK and PK15 cells. The inhibitory concen-
trations of the drugs were not cytotoxic to MDBK or PK15 cells under the tested
conditions. These results suggest that BoHV-1 entry does not require cellular acid
sphingomyelinase, while PRV is dependent on the lysosomal enzyme for efficient entry.
These findings suggest that host cell membrane sphingomyelin and acid sphingomy-
elinase may be part of a pathway that mediates PRV entry and infection. The require-
ment for both cellular factors suggests that the enzymatic action of SMase on SM and
the underlying cellular membrane repair pathway may be crucial to PRV entry. During
rhinovirus infection of human epithelial cells, virions colocalize with ceramide-enriched
domains generated by ASMase cleavage of SM (68). It remains to be determined
whether PRV associates with ceramide domains. Alternately, host sphingomyelin may
play a direct role in PRV membrane fusion, while fusion during entry of BoHV-1 may be
sphingomyelin independent.

Role of host cell sphingomyelin and acid sphingomyelinase in HSV-1 entry and
infection of Vero cells. Given the disparate results for BoHV-1 and PRV, we extended
the study to evaluate roles for sphingomyelin and lysosomal ASMase in the entry of the
human alphaherpesvirus HSV-1. Vero cells were treated with SMase, washed, and then
infected with HSV-1 tk12 (lacZ-positive) for 45 min at 37°C. The SMase-treated cells
supported HSV-1 entry (Fig. 5A). Treatment with the highest concentration of SMase
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FIG 5 Effects of cellular sphingomyelin depletion and FIASMAs on HSV-1 entry. (A) SMase was added to Vero cells at 37°C for 45 min.
Treated and mock-treated cells were washed with PBS. HSV-1 KOS tk12 (lacZ-positive) was added, and at 45 min p.i., noninternalized virus
was inactivated with medium buffered to pH 4.7. The infection proceeded for total of 6.5 h in the presence of normal culture medium.
(B) Vero cells were treated with imipramine or amitriptyline for 1 h at 37°C. Cells were infected with HSV-1 in the continued presence of
drugs. At 6.5 h p.i., the beta-galactosidase expression was calculated as a percentage of activity in untreated, infected cells. Values are the

means of three independent experiments with standard errors. Cytotoxicity is shown as percent LDH activity.

tested inhibited only ~13% of HSV-1-induced beta-galactosidase activity. This suggests
that HSV-1, similar to BoHV-1, does not require cellular sphingomyelin for entry and
infection. BoHV-1 and HSV-1 entry both require cholesterol but not sphingomyelin,
which may suggest that intact lipid rafts are not necessary for viral entry.

Vero cells were treated with increasing concentrations of either imipramine or
amitriptyline for 1 h followed by infection with HSV-1 in the continued presence of
drug. HSV-1 entry and infection was resistant to inhibition by FIASMAs (Fig. 5B). A total
of 75 uM imipramine or amitriptyline only inhibited HSV-1-induced beta-galactosidase
activity ~30% or 23%, respectively. This result suggests that HSV-1, similar to BoHV-1,
does not absolutely require cellular acid sphingomyelinase activity for entry and
infection. BoHV-1 and PRV belong to the Varicellovirus genus, while HSV-1 is a simplex
virus. Thus, a reasonable prediction would be that BoHV-1 and PRV would respond
similarly to these treatments or that HSV-1 might respond uniquely. Altogether, the
results suggest that alphaherpesviruses, regardless of phylogenetic relationship, may
have differential requirements for host cell membrane sphingomyelin and lysosomal
sphingomyelinase for entry.

MATERIALS AND METHODS

Cells and viruses. MDBK cells and Vero cells (American Type Culture Collection, Manassas, VA) were
propagated in Dulbecco’s modified Eagle’s medium (DMEM; Thermo Fisher Scientific, Grand Island, NY)
supplemented with 5% and 10% fetal bovine serum (Atlanta Biologicals, Atlanta, GA), respectively. PK15
cells (provided by Matthew Taylor, Montana State University) were propagated in DMEM (Thermo Fisher
Scientific) supplemented with 10% fetal bovine serum (Atlanta Biologicals). BoHV-1 strain Colorado-1
(American Type Culture Collection) was propagated on MDBK cells. A thymidine kinase-negative,
beta-galactosidase-positive recombinant of BoHV-1 Colorado-1 containing the Escherichia coli lacZ gene
in place of the viral thymidine kinase gene (obtained from C. Whitbeck, G. Cohen, and R. Eisenberg,
University of Pennsylvania) was propagated on MDBK cells (69). PRV BeBlue (provided by Lynn Enquist,
Princeton University), a PRV Becker strain derivative with the E. coli lacZ gene inserted into the gG locus
(46), was propagated on PK15 cells. HSV-1 strain KOS tk12 (obtained from Patricia Spear, Northwestern
University), which contains the lacZ gene under the control of an HSV-inducible promoter, was propa-
gated on Vero cells (70).

Reagent preparation. Stock solutions of Staphylococcus aureus-derived sphingomyelinase in a 50%
buffered aqueous glycerol solution (Sigma-Aldrich, St. Louis, MO) were diluted in DMEM containing 5%
(MDBK cells) or 10% (PK15 and Vero cells) fetal bovine serum (FBS) immediately prior to use. One-
hundred-millimolar stock solutions of imipramine and amitriptyline (Sigma-Aldrich) were prepared in
water, stored at —80°C, and diluted in DMEM immediately prior to use.

Cell viability. Cell viability was assessed by direct measurement of lactate dehydrogenase (LDH)
leakage (71). Confluent cell monolayers grown in 96-well plates were treated with experimental con-
centrations of drugs, 50% buffered aqueous glycerol solution, or cell culture-grade water for 6.5 h. Cells
in triplicate wells were lysed, and plates were incubated for an additional 30 min. LDH leakage was
determined using a Pierce LDH cytotoxicity assay kit (Thermo Scientific, Rockford, IL) following the
manufacturer’s instructions.
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Beta-galactosidase reporter assay of alphaherpesvirus entry. Quadruplicate wells of confluent

cell monolayers grown in 96-well plates were infected with BoHV-1 v4a (MOI of ~2), PRV BeBlue
(multiplicity of infection [MOI] of ~1) or HSV-1 KOS tk12 (MOI of ~12) for 6.5 h at 37°C. A higher MOI
for HSV-1 tk12 was required to achieve beta-galactosidase expression levels comparable to the other
viruses. Cell lysates were prepared with 0.5% Igepal (Sigma-Aldrich, St. Louis, MO). Chlorophenol
red-B-p-galactopyranoside (Roche Diagnostics, Indianapolis, IN) was added, and beta-galactosidase
activity was read at 595 nm with a microtiter plate reader (BioTek Instruments, Winooski, VT).

Effect of SMase treatment of cells on alphaherpesvirus entry. Confluent cell monolayers grown

in 96-well plates were incubated with sphingomyelinase (Sigma-Aldrich, St. Louis, MO) at various
concentrations at 37°C for 45 min. Cells were washed twice with warm PBS. Virus was added to cells. At
45 min postinoculation (p.i.), the inoculum was removed, and noninternalized virus was inactivated by
the treatment of cells with culture medium buffered to pH 4.7. At 6.5 h p.i. the beta-galactosidase
reporter assay for entry was performed.

Effect of SMase on BoHV-1 virions. Extracellular, supernatant preparations of BoHV-1 v4a was

incubated with SMase at various concentrations at 37°C for 45 min. Viral preparations were diluted 100-
to 250-fold in culture medium to obtain a final enzyme concentration of 0.1 U/ml or less and a final virus
titer of ~3 X 107 PFU/ml. Treated virus and samples of similarly diluted, untreated virus were added to
confluent MDBK cell monolayers in 96-well plates (MOl of ~1). At 6.5 h p.i. the beta-galactosidase
reporter assay for entry was performed.

Detection of cellular sphingomyelin. Lysenin (Sigma-Aldrich, St. Louis, MO) was reconstituted in

PBS and stored at —20°C. Lysenin antisera (Peptides International, Louisville, KY) was stored at —20°C and
diluted 1:1,000 in blocking solution immediately prior to use. Goat anti-rabbit Alexa Fluor 594 (Thermo
Fisher Scientific, Grand Island, NY) was stored at 4°C and diluted at 1:1,000 in 1% ovalbumin (Sigma-
Aldrich) in PBS immediately prior to use. Confluent cell monolayers grown on coverslips were incubated
with sphingomyelinase or mock-treated at 37°C for 45 min. Cells were washed twice with room
temperature PBS and fixed with freshly prepared 6% paraformaldehyde (Sigma-Aldrich) in PBS at room
temperature for 10 min. Cells were washed twice with PBS, and paraformaldehyde was quenched by
treatment with 50 mM ammonium chloride at room temperature for 10 min. Cells were washed twice
with PBS and incubated with 1% ovalbumin in PBS at room temperature. Cells were then incubated with
0.5 ug/ml lysenin prepared in 1% ovalbumin at room temperature for 2 h. Cells were washed twice with
PBS and incubated with lysenin rabbit antisera at 4°C overnight. Cells were washed twice with PBS and
incubated with Alexa Fluor 594-labeled goat anti-rabbit antibody for 1 h at room temperature. Cells were
washed twice with PBS, and nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI; Roche
Diagnostics, Indianapolis, IN) for 10 min at room temperature. Cells were washed twice with PBS and
once with room temperature cell culture-grade water. Coverslips were mounted to slides with Fluoro-
mount G (Thermo Fisher Scientific). Samples were visualized with a fluorescence microscope (Leica
Microsystems, Inc., Buffalo Grove, IL) at X40 magnification.

Effect of FIASMAs on alphaherpesviral entry. Confluent cell monolayers grown in 96-well plates

were incubated with imipramine or amitriptyline (Sigma-Aldrich, St. Louis, MO) at various concentrations
for 1 h. Virus was added, and cells were incubated in the continued presence of agent for 6.5 h.
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